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ABSTRACT An iterative strategy for the selection of cat- 
alytic metalloantibodies is described. The first stage of this 
strategy is validated by the selection of semisynthetic antibodies 
that coordinate a variety of different metal Ions and the metal 
oxide magnetite. These results have implications not only for 
the development of catalytic metalloantibodies but also for the 
development of reagents for magnetic resonance imaging, 
delivery of radioisotopes, and purification of recombinant 
proteins. 

Metals are important cofactors in enzyme-catalyzed reac- 
tions such as phosphoryl and acyl group transfers, aldol 
condensations, and redox reactions. Indeed, about one-third 
of nature's enzymes utilize metals in structural or catalytic 
roles (1). In the realm of organic synthesis, metal-catalyzed 
reactions are among the only reactions that compete with 
enzymes in efficiency and ability to control the stereochem- 
ical outcome of organic transformations (2, 3). Thus, the 
incorporation of metal-binding sites into proteins is a step 
toward construction of metalloenzymes. To date, however, 
most metal-binding sites have been incorporated into pro- 
teins to impart stability (4), regulate activity (5), aid in 
purification (6), or mediate their assembly (7). The de novo 
design of catalytically active metalloproteins has yet to be 
accomplished as not only metal ligation but also transition 
state stabilization of the reaction must be considered and will 
likely remain out of reach for all but the simplest reactions. 

Our interest lies in the de novo creation of catalytic anti- 
bodies. To further this goal, we have begun to develop 
approaches that allow experimenter-controlled evolution of 
protein architecture (8-10). These random in vitro methods are 
particularly applicable to the selection of antibodies that 
directly coordinate metal cofactors in their combining sites 
and differ from our previous approach in which a metal 
coordination site was designed into an antibody light chain of 
known structure (11, 12). Here we report the selection of 
antibodies from semisynthetic combinatorial antibody librar- 
ies that ligate metals and metal oxides in their combining sites. 

MATERIALS AND METHODS 
Reagents, Strains, and Vectors. Metal salts, iron(II, III) 
oxide, iminodiacetic acid (IDA), and 1,4-butanedioI diglycidyl 
ether were obtained from Aidrich. Chelating Sepharose was 
obtained from Pharmacia. Oligonucleotides were from Operon 
Technologies (Alameda, CA). Escherichia coli, phage, and the 
phagemid vector pComb3 are as described (8, 9). 

Library Construction. Heavy-chain complementarity- 
determining region 3 (HCDR3) libraries were prepared as 
described (10). The following primers were used in place of 
previously described primer 7ECDR3: HCDR10, 5'-GTG 
TAT TAT TGT GCG AGA (NNS) 10 TGG GGC CAA GGG 
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ACC ACG-3' and 5'-GTG TAT TAT TAT TGT GCG AGA 
(NNS) 3 TGG GGC CAA GGG ACC ACG-3'. PCR was 
performed with 10-20 independent reaction pools as before, 
with the same template DNA, pC3TT7E. The resulting 
libraries were designated 7-10 and 7-5, respectively. In an 
analogous fashion, additional libraries were prepared by 
using the template DNA of clone 1 described in ref. 8. In these 
cases, primer BFR3U, 5'-TCT CGC ACA GTA ATA CAC 
GGC CGT-3', was used in place of B7EFR3. In place of 
7ECDR3, the following primers were used: HCDRD16 5'- 
GCC GTG TAT TAC TGT GCG AGA GGT (NNK) 13 GAC 
NNK TGG GGC CAA GGG ACC ACG GTC-3'; HCDRD10, 
5'-GCC GTG TAT TAC TGT GCG AGA^GT (NNK) 7 GAC 
NNK TGG GGC CAA GGG ACC ACG GTC-3'; HCDRD5, 
5'-CGG GTG TAT TAC TGT GCG AGA (NNK) 3 GAC NNK 
TGG GGC CAA GGG ACC ACG GTC-3', which resulted in 
the production of libraries E, F, and G, respectively. In 
addition, primer R3B, 5'-TTG ATA TTC ACA AAC GAA 
TGG-3', was used in place of CG1Z. All subsequent manip- 
ulations were as described (10). After phage precipitation, the 
phage pellet was resuspended in 25 mM Mops/150 mM 
NaCl/1% bovine serum albumin (BSA), pH 7.4. 

Selection of Magnetite-Binding Fab Fragments. Phage li- 
braries prepared as described above were applied to 1 mg of 
magnetite in a microcentrifuge tube. The resulting suspension 
was shaken at 37°C for 2 hr. Magnetite was pelleted by 
centrifugation or magnetic force. Magnetite was washed 5 
times with Tris-buffered saline (TBS)/Tween in the first three 
rounds of selection and 10 times in the last three rounds of 
selection. Bound phage were eluted with the standard acidic 
elution buffer. Subsequent steps are as described (8, 9). 

Selection of Metal-Binding Fabs. Selection for metal binding 
using Sepharose beads proceeded in a fashion analogous to 
biopanning, where the target antigen is immobilized on a 
microtiter plate. Chelating Sepharose (10 mg dry weight) was 
loaded by suspension in a 10 mM solution of CuS0 4 , ZnCl 2 , 
CeCl 3 , FeCl 3 , or Pb(N0 3 ) 2 in water. Excess metal was 
removed by washing the resin twice with TBS. Phage librar- 
ies in 25 mM Mops/150 mM NaCl/1% BSA were applied to 
the loaded Sepharose and incubated at 37°C with shaking f r 
2 hr. For the initial selection, beads were washed once with 
Mops-buffered saline. Subsequently, beads were washed 5 
times for rounds 2 and 3 and 10 times for each additional 
round of selection. Bound phage were eluted once with 
elution buffer supplemented with 1 mM metal and once with 
50 mM EDTA to remove excess metal from the resin. The 
10-fold increase in background binding, which is presumably 
due to the increased surface area f the beads, necessitated 
additional r unds f selection, generally five or six as com- 
pared to three or four f r binding to protein antigens and small 
organic haptens. 

Abbreviations: BSA, bovine serum albumin; IDA, iminodiacetic 
acid; CDR, complementarity-detenruning region: HCDR3, heavy- 
chain CDR3. 
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Preparation of BSA-IDA C njugate. A 10-ml solution of 0.1 
M carbonate buffer (pH 9) was prepared containing 10 mg of 
a! , J* 1 " ^Butanediol diglycidyl ether (0.9 mmol) was 
added to this solution and allowed to react for 4 hr at 37°C 
IDA (1.8 mmol) neutralized with NaOH and dissolved in 3 mi 
of 0.1 M bicarbonate (pH 9) was then added to the protein- 
containing solution and allowed to react overnight at 37"C 
The conjugate was purified by passage over a Pharmacia 
PD-10 Sephadex column. 

. *"£ A BSA-IDA Conjugate. BSA-IDA (1 ug) diluted 
in TBS was applied to each well of a 96-well ELISA plate 
u ™Z ^ aUowed to incubate overnight at 4°C or for i 
3 / c - coating solution was removed and 50 id of 1% 
BSA in TBS was applied. After blocking for 30 min at 37°C 
and removal of the BSA solution, 40 /xl of 1 mM EDTA was 
appUed to a", wells to chelate preexisting metal ions. After 
°™ £ f ^so'uUon. 40 id of a 1 mM solution of a metal 
salt (MgCI ?I NiCh. CuCl 2 , etc.) in TBS was added After 
metal loading, the plate was washed 5 times with purified 
^ r .t" , dncd> 3,1(1 primary Fab was ^ded. After 2 hr at 
r ™ P i. at £. Was Washed 10 Umes with Phosphate-buffered 
saline 0>BS)/Tween (0.05%). Goat anti-human IgG F(ab'£ 

% ph ° sphatase t 40 /J °f a 1-^g/ml solution) 

S ^ /TB , S WaS thcn applicd 10 cach weU - After 30 min 
mnwi t P u C WaS ^ ashed 10 times with PBS/Tween 
ft??-',?" f ub ? tr ? / e tP-mtrophenyl phosphate (0.1% in 
10% d,ethanolamine)/0.01% MgCl 2 , pH 9.8] was added 
Absorbance was measured at 405 nm. 

v«^ Stl T!/ 0 2c 0 / £f Formation Constant for Fab Cu-2 and 
Ni-Loaded BSA-IDA. The formation constant was deter- 

0T20 Jm R C «;T P m J 0 " ELISA expcrimc "'- A stock solution 
. 1 1 j ? was sat "ratcd with NiCl 2 in TBS. This 

metal-loaded BSA-IDA solution was serially diluted I to ?2 
nM One hundred microliters of each BSA-IDA-Ni solution 

Sll7mTt™ h 100 ^ ? f Fab Cu -2 at 2 «/«! to give 
tmalBSA-IDA-Ni concentrations of 10- 10 ,10-» 10" 8 10-' 

J£'J; X 10 ~ 6 ' ^ i 0 " 3 M Fort y "icrolite'rs of Fab/ 
S to . r . was W^d in quadruplicate to ELISA wells, 

nSSLJS tqT C ? tCd , With BSA-IDA-Ni (as described) 
Normal ELIS A protocols were then followed. The formation 
constant was defined as the reciprocal of the concentration of 
BSA-IDA-metal that reduced A*,, to half-maximal. 

RESULTS 

F a b7™^^ Ctl0,, • Tne J human Wan™ toxoid-binding 
i-ab 7E(10) and 1(8) were used as templates for CDR-directed 
mutagenesis. Clone 1 was chosen because it is easil^pre- 
t^iff 'f- rcR - mcdiate d gene constmctionlZ £ 

. , h U "l. qUC hbisry insisted of at least 10« 
independent clones derived from five transformations Sc- 

STESS* °! DNA fr ° m Un$eIcCtcd Bb^SfaS 
J« C . t mU i agC , I ? es,s Md ^ desired distribution of 

au six hbranes in a competitive fashion such that in the first 

5* u Cn bmdin8 phagc were combined for ampli- 
ficaUon and subsequent selections. Sequence analysis of fhe 
resulting bmdmg phage revealed that all were derived Urn 
hbranes E and F. Library 7-16 was the origin^ source of 
semisynthetic fluorescein-binding Fabs. In subsequemSe^ 
tions, only libraries E and F were examined. Th«e SbSfcs 
retiun the aspartate in the penultimate position in the HCDR3 
and their success supports the structural sigtiificancfof 
residue within HCDR3 (10). »ignincance of this 

Selection for Binding to a Metal Oxide and Sequence Anal- 

JtdlSeH k F ?. UndS ° f Sdection ' ennchment iStafi 
* indicated by the increase in the number of eluted oh^T*! 
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LEj RRTVKHH lVNLE /smff , 00p mutam 

S lRRSRHHl PRMWNGLDV 



G RFKRVRDRW VV I FDF 
G VA |RS KKMRlG LWR L D V 
GLAV |RSKRGR[ FFLFDV 

LEGR I R|RSKLRl LE 



Antibody HCDR3 



lamB loop mutant 



Fig. 1 Comparison of amino acid sequences of the HCDR3 

SSh^tl manncr (13) - Boxed re »° ns «^wiht the 

amdanties between the clones. Underlined region of theSrdclone 
highlights an unusual basic region. 

magnetite (data not shown). Sequencing of 8 clones revealed 

RWPrp UC " q . ucnccs ( pi «- D- The RRSRHH- and 
KiKRGR-containmg sequences were found three times each 
Odentical at the nucleotide level). All clones were derived 
from hbranes of HCDR3 length 16. Furthermore, aTare 
den ved from hbrary E, where the first and penultimate amino 

In clone 1 the senne at the first position is likely an artifact 
S? C Sy ,™' S and ^ scmbI y ^d is the result of a single base 
change (GGT -» AGT). This base change is seen S other 

12Z S f CtCd f ° r metal ion bindin «- clones show a 
numberof consensus features. The N-terminal portions of all 
tne loops are nch in basic amino acids, whereas the C 
terminus is nch in hydrophobic residues. Three of four clones 
Dear arguune at position 9 and valine at position 16 Two 
clones have an RSK triplet and one has an RSR triplet 
R)^- ^ of ^ Spicily and Affinity of Metal- 

2f?S?nS: ^ ^ 5elecUi ^ibodi" were puri- 
S2;J a- - mA - metaJ EI -ISAs were performed to analyze 
their binding properties. All three bound Cu(II)-loaded BSA- 
EDA significantly over background. Interestingly, two of 
these demonstrated a marked preference for Ni(II) over all 
tiie other metals examined (Fig. 2). Each of the three Fabs 
had unique ; specificity characteristics, as one might expect 
from a random selection procedure. These results highlight 
the diversity that still exists in the metal-binding subh^rary 
The binding specificity of the Pb(II)- and Ce(III>-selccted 
Fabs was also confirmed by ELISA. Analysis of the se- 
quences of the selected antibodies confirms the success of the 
selection strategy (Fig. 3). This is particularly obvious with 
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Fig. 2. Comparison of binding specificities of three purified 
clones that were selected for Cu(U) binding. Specificity was exam- 
S^X^r 1 **- Antigens were (from left to right) Mefll) BSA-IDA 
Jg^BSA-roA. Cudl) BSA-IDA. Zn(II)BSA-IDA, and BSA^ 
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Cu(II) Zn(II) Pb(II) 

GRVHHHSLDV SHTHALPLDF GNLRRKTSD I 

SWKHHAHWDV GRVHHHSLDV GESDSKREDG 

GSWDHRGCDG GQSSGGDTDD GGPSLAVGDW 

GHHMYGGWDH GQWTPRGDDF GPLQHTYPDY 

GHWGRHS LDT GRCCPSSCDE GWKVTAEDSTEGLFDL 

GH I LHHQLDL GPAKHRHRHVGQMHDS GTRVWRVCQWNHEEDG 
SSQRLMLGDN G E WWC S F AM C P A R WD F 

SHHGHHYLNH x GDT I FGVTMGYYAMDV 

GKLMMSWCRDTEGCDH 
GDTHRGHLRHHLPHDW 
GWG LWMKP F VWRAWDM 



Ce(III) 

GQVM 
GLTE 
GYS Y 
GRLG 
STWP 
GYEL 
GP VR 
GLSZ 
GLES 
GNM I 
GCWN 
G F E V 



Feflll) 



2ELG 
ZQLQ 
S VS P 
L VMT 
GRQR 
SWG V 
GLDZ 
H I VS 
LKVL 
LGG P 
VZ R L 
TCSW 



DA 
DG 
DA 
DE 

LGZALSDS 
DZQEWWD I 
S KGVRYDN 
ETQSSGDL 
G VZ LGGD L 
GCWSS AD I 
VVYHPPDG 
FGHWGRDS 



SASMRSA I GLWRTMD Y 
GDRE I FHMZWP LRVDV 
SZNPQQVCGVRCGZDK 
GNR L SSGH LLKQG2DG 
GGSDWZ I GACCREDDL 
GMVSMMGQSRPTQCDC 
GV I KWI RRWVRTARDV 
GWFWRLLPTPRAPSDV 



Fig. 3. Amino acid sequences of HCDR3 regions selected for binding various metals. Z represents an amber stop codon, which, in the supE 
strain used for expression, is translated as Q. 



the Cu(II)-chelating sequences. Based on the knowledge of 
characterized copper-containing protein structures, the ex- 
pected ligands are histidine, methionine, and cysteine. A total 
of 106 positions within the 11 sequenced Cu(II)-selected 
CDRs were randomized with an NNK doping scheme. His- 
tidine was selected at 26 positions, methionine at 6 positions, 
and cysteine at 3 positions. Note that an NNK mixture 
provides each of these residues at only 1 part in 32 in the 
unselected library. One clone contains an unpaired cysteine 
residue, which is a rare feature in antibody CDRs (14). By 
utilizing IDA immobilized with a 12-atom spacer, selection 
should not be limited to surface-exposed residues. Three 
clones contain a histidine at position 102, which is predicted 
not to be on the surface of the protein (15). The two 
histidine-rich clones demonstrated a preference for Ni(II)- 
loaded BSA-IDA, while only the tryptophan-rich clone 
showed selectivity for Cu(II). The formation constant of 
clone Cu-2 for Ni(II) BSA-IDA was estimated by competi- 
tion analysis to be 10 7 M" 1 . Previous studies indicate that the 
formation constant for a single histidine with Cu(II) IDA- 
polyethylene glycol is ^lO 3 M _1 (16). Binding was dependent 
on metal and was abolished by addition of EDTA and 
competed with excess free metal. It was important to dem- 
onstrate that Fabs selected for binding a solid support could 
also bind copper ions in solution. As such, a fluorescence 
quenching experiment was performed (11) on a representa- 
tive, purified Fab. By Scatchard analysis (Fig. 4), Cu-8 binds 
copper with a dissociation constant of 10 jiM and a valence 
of 1.03 binding sites per Fab. Sequences selected for binding 
to Zn(II), Pb(II), Ce(in), and Fe(III) are also shown in Fig. 
3. 2n(II)-selected sequences show the histidine-rich charac- 
ter seen for Cu(II) and one sequence that is identical to that 
selected with Cu(II). Only one clone is rich in carboxylates. 
Selection for histidine, cysteine, aspartate, and glutamate is 
xpected based on studies of natural proteins (17). The 
coordinating ligands from sequences selected for binding to 
Pb(II), Ce(III), and Fe(III) are less obvious. A number of 
features, however, can be noted. Pb(II) sequences are rich in 
aspamte^and^iSanva^e (10% of randomized residues). For 



comparison, Ce(IIIK Feflll)-, and Cu(II)-selected sequences 
contained these residues at 7%, 4%, and 5%, respectively. 
The oxygen containing ligands serine, threonine, and tyro- 
sine constitute 18% of Pb(II) and Ce(III) sequences as 
compared to 11% and 9% for Fe(III) and Cu(II). Note that 
serine and threonine are overrepresented at the synthesis 
level and are present at 3 and 2 parts per 32. Fe(III) sequences 
were enriched to the 10% level for the sulfur-containing 
residues cysteine and methionine as might be anticipated 
(18). Coordination with main-chain carbon yl oxygens or 
amide nitrogens cannot be discounted and would not be 
discernible from sequence analysis. 

DISCUSSION 
Within the pool of 20 commonly occurring amino acids 
almost half have been observed to participate in metal 
ligation within proteins (aspartate, cysteine, glutamate, his- 
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Fig. 4. Scatchard analysis of fluorescence quench data for Fab 
Cu-8 binding to copper in solution. The data can be fit with r 2 = 0.994 
by the equation: r/[Cu] = -94,548r + 97,073. 
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tidine, methionine, serine, threonine, tyrosine, and tryp- 
tophan). Main chain carbonyl oxygens and amide nitrogens 
can also be used to coordinate metals. Most protein engi- 
neering efforts utilize design strategies based on analogy (1) 
While such a strategy may be sufficient for the transfer of 
known metal-binding motifs into alternative proteins, it limits 
one's ability to explore and exploit novel reactivities for most 
of the periodic table. The ability to selectively sort pr tcins 
in vitro for metal ligation has the distinct advantage that it is 
not limited m scope by natural phytogenies. Furthermore we 
demonstrate here that selective approaches generate a van* 
ety obligating groups, which should provide a multiplicity of 
coordination numbers and geometries that alter the reactivity 
of the bound metal. 

A general iterative strategy for selection of catalytic syn- 
thetic antibodies is shown in Fig. 5. The first step in this 
strategy involves selection of sequences within the antibody- 
combining site that coordinate metal. The preferred regions 
in which mutagenesis is performed are the CDRs (10) In this 
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for immobilization of many metals. RirthSSmTtK? 

..•,7 1C |? CC0 L nd . StC L p evolves diversification of the library 
* * chaui , or mutagenesis of another (S 

2£n^?i ° f Mti 5 0di «. w Wch coordinate meS a 
second selection is used to optimize binding to a haoten 

2£& a, !° P r i<? ! 3 $itC 10 ^butformai 
coordmation to the substrate is not necessary so long asthe 
metal participates in the chemistry. For examnle *7n «t«m 
coordinated to one CDR may be^sedTo dS£ a hydS 



AGAROSE 




% wT' Ha ^ regi0n i««icat«»antibody SffitaSfiS^ W ^ hbod y b ^ ** fanned by cimerization of heavy and 
bmd tf, e metal-IDA complex shown at the top of A where Xd«!l^ f ° r m ^« enesis - Tbe resulting library of antibodies is then selected 
B, where the vacant X sites of the complex «hW^ ^ 
occupied by IDA are now vacant (X). (C) Dive rsfficTti^n^ ^ «^««» « example. C6ordii«iuonlftes^nnerW 

JJe resulting subbbrary is then selected OnS^^SS^^ by of another CDR ™cff ££$ 

bind both metal and hapten. «ng w an appropriately designed hapten to produce catalytic metalloantibodies shown in Dlo 
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ion to the carbonyl carbon of a peptide bound to another 
region of the antibody molecule. Light-chain CDR3 may be 
the most desirable region to install metal binding as the 
extended HCDR3 could be used to provide the hapten- 
binding pocket. It is interesting to note that most known 
copper-containing proteins coordinate copper within a loop 
of a Greek key folded domain (19). Antibodies exhibit this 
same fold and a naturally occurring copper-binding antibody 
derived from a myeloma patient has been described (20). A 
Hg(II)-binding antibody has also recently been described 
(21). 

Many of the metals we have introduced into the antibody- 
combining site could be useful in catalysis. Cu(II) has been 
used to catalyze nonoxidative hydrolysis reactions as well as 
oxidative reactions (22, 23). Fe(II) is particularly interesting 
for the oxidative cleavage of proteins and could be used as a 
cofactor to produce antibodies that cleave proteins at defined 
sequences (24). Pb(II) and Ni(III) have been used to cleave 
UNA and DNA, respectively (25, 26). One of the most 
interesting results concerns the lanthanide cerium. Ce(III) 
hydroxide clusters have recently been demonstrated to cat- 
alyze the hydrolysis of cAMP with a 10 n -fold rate enhance- 
ment (27). This makes Ce a particularly interesting metal to 
incorporate into antibodies in an effort to produce artificial 
restriction enzymes. Furthermore, Ce serves as an example 
of a catalytically interesting metal for which there is no 
known naturally occurring protein from which to design a 
metal-binding site. 

The selection of antibodies that bind the iron oxide mag- 
netite demonstrates that proteins can be selected to bind 
surface features of a mineral. Interestingly, in this case there 
exists a report in the literature of the selection of E. coli that 
adhere to magnetite, which can be used for comparison (13). 
In this experiment, random nonapeptide sequences were 
inserted into an exposed portion of the E. coli bacteria lamB 
protein and selected for binding to magnetite. Fig. 1 shows 
the striking similarity in sequence of selected antibody CDR 
and lamB variants selected in a similar fashion. Two clones 
bear an RSK sequence, which was identified in the previous 
report to discriminate between different iron oxides. A third 
clone contains an RRSRHH sequence as compared to the 
lamB-selected clone bearing RRTVKHH. The clones share a 
number of other consensus features. Our selection process 
was evidently stringent, as only four unique sequences were 
isolated from a pool of >l6*. Since naturally occurring 
bacteria that accumulate magnetite have been identified, it 
would be interesting to know whether the artificially selected 
motifs are involved in natural proteins, which have been 
selected during evolution (28). At any rate, these studies may 
further indicate that for certain coordination complexes there 
are limited opportunities within the context of the folded 
protein. Magnetic antibodies might be more directly appli- 
cable than the recently synthesized magnetoferritin (29) in 
magnetic imaging and separation schemes. Other practical 
applications for the metal ion selection procedure include 
optimizing proteins for delivery of radioisotopes and engi- 
neering recombinant proteins for rapid purification on im- 
mobilized metal supports. 

We have demonstrated the efficiency with which the first 
stage of an iterative approach to catalytic metalloantibodies 
can be completed. A benefit of such an evolutionary ap- 
proach, as opposed to a designed template approach, is that 



sublibraries can be created whose members display a diver- 
sity of coordinating residues in a range of potentially useful 
contexts. The advantage of creating such sublibraries stems 
from the power of developing selective approaches that allow 
rare but interesting members to be further selected based on 
criteria that can be entirely different than those used to create 
the original library. We believe that iterative, evolutionary 
approaches such as that presented here will prove useful for 
the creation of new catalytic antibodies. 

Wc are most grateful to Cheng-Ming Chang for electron micros- 
copy studies; Doug Cababa, Tern Jones, and Sally Pinz-Sweeney for 
technical assistance; and Andrei Konradi for helpful discussions. 
J.S.R. is a National Science Foundation predoctoral fellow. 
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